Purpose: Cerebral venous oxygenation (Y v ) is an important physiological parameter and has potential clinical application in many brain diseases. T 2 -relaxation-under-spin-tagging (TRUST) is a commonly used MRI method to measure Y v . Harmonization of this technique across MRI vendors is important for dissemination and multicenter studies of brain oxygenation and metabolism as a disease biomarker. Methods: TRUST pulse sequence components and imaging parameters were carefully matched between two major MRI vendors, Philips and Siemens. Each subject (N ¼ 10) was scanned on both scanners within a 2.5-h period. On each scanner, the subject was scanned in two sessions to assess intersession reproducibility. A hyperoxia challenge was also included in both sessions and on both scanners to evaluate the sensitivity of the technique to Y v changes. Measured Y v values, confidence interval of Y v estimates (e Yv ), as well as intrasession and intersession coefficient of variation (CoV) of Y v , were compared between the two scanners. Results: Y v measured on the two vendors were highly compatible and strongly correlated (R 2 ¼ 0.957). Y v changes associated with hyperoxia challenge were significant on both scanners (P < 0.001) and were also correlated across scanners (P ¼ 0.007). Intrasession and intersession CoV of measured Y v were less than 3% and showed no difference between scanners. e Yv were less than 1% on both scanners and showed no difference between scanners when echo times were matched on the two scanners. Conclusion: This work suggests that harmonized TRUST MRI can yield highly compatible Y v measurements across different vendors.
INTRODUCTION
Cerebral venous oxygenation (Y v ) is an important physiological parameter of the brain's oxygen homeostasis. Y v is defined as the fraction of oxygenated hemoglobin in the venous blood, and can be combined with other physiological measures such as arterial oxygenation and cerebral blood flow to estimate key physiological markers such as oxygen extraction fraction (OEF) and cerebral metabolic rate of oxygen (CMRO 2 ) (1). Previous studies have suggested that Y v , OEF, and CMRO 2 may represent a key biomarker in many physiological and pathological conditions such as aging (2) (3) (4) , multiple sclerosis (5) , and Alzheimer's disease (6, 7) .
Traditionally, measurement of Y v , OEF, and CMRO 2 in humans is a niche market of Positron Emission Tomography using 15 O-labeled tracers (8, 9) . However, the invasive and complex procedures, the exposure to radiation, and the need of an onsite cyclotron have been the major obstacles for the broad application of this technology. Over the past decade, several MRI techniques have been proposed to measure Y v without contrast agent by exploiting the association between blood oxygenation and MRI characteristics such as phase (10, 11) , susceptibility (12) (13) (14) (15) (16) , T Ã 2 (17, 18) , and T 2 (19) (20) (21) (22) (23) (24) (25) . Among these techniques, T 2 -relaxation-under-spin-tagging (TRUST) (19, 26) has been one of the most widely used and published methods. This sequence only takes 1.2 min, has been validated with pulse oximetry (27) , and has demonstrated its sensitivity to several diseases (5, 6, (28) (29) (30) (31) (32) .
However, in the era of "big-data" medicine, virtually all major studies of diseases and clinical trials are based on a multi-site setting and MRI techniques must make themselves scalable across sites and vendors to adapt to this new trend. The goal of the present work is, therefore, to conduct a harmonization study to evaluate compatibility of TRUST results across two major vendors of MRI. Each participant was scanned on both scanners within a 2.5-h period. On each scanner, the participant was scanned multiple times to allow the assessment of intrasession and intersession reproducibility. A hyperoxia challenge was also included on both scanners to allow the evaluation of sensitivity to Y v change.
METHODS

Pulse Sequence
The basic principles of TRUST MRI have been described in previous reports (19, 26) . Briefly, TRUST oximetry is based on the well-known relationship between Y v and T 2 relaxation time of the blood (33) . To separate the venous blood from surrounding brain tissues, the TRUST sequence uses radiofrequency (RF) pulses to label the inflow venous blood, and acquires labeled and control images by alternating the RF pulses. Subtraction of the labeled images from the control yields difference images with pure venous blood signal in the superior sagittal sinus (SSS). To obtain T 2 of the venous blood, non-sliceselective T 2 -preparation pulses with varying numbers are applied to modulate the blood signal, monoexponential fitting of which then yields blood T 2 . A calibration plot specifying the relationship between Y v and T 2 is then used to convert T 2 to Y v (27) .
To evaluate the TRUST technique across vendors, the sequence was implemented on two platforms, a 3T Philips system (Achieva with Quasar Dual gradients, software release 5.1.7, Philips Healthcare, Best, The Netherlands) and a 3T Siemens system (Prisma with 80/ 200 gradients, software version VE11B, Siemens Healthcare, Erlangen, Germany). Details of the RF and gradient components are described in the Supporting Information.
MRI Experiment
The study protocol was approved by the Johns Hopkins University Institutional Review Board. Written informed consent was obtained from each participant. Ten healthy volunteers (24.0 6 3.2 years old; 6 male, 4 female) participated in this study. To minimize physiological fluctuations, the subjects were instructed to refrain from the consumption of coffee, tea, alcohol, and cigarettes 2 h before the scanning.
Each subject was scanned on a Philips and a Siemens 3T scanner on the same day, within a period of 2.5 h. The two scanners are physically adjacent to each other with a distance of less than 5 min of walking. The order of the Philips and Siemens scans were counterbalanced across subjects with gender matching, i.e., three male and two female subjects completed the Philips scan first and the rest completed the Siemens scan first. Both Philips 3T and Siemens 3T used a 32-channel head coil.
The procedure performed on each subject is illustrated in Figure 1 . On each scanner, each subject was scanned twice with a short break (2-5 min) and repositioning between the two identical sessions (Fig. 1a) . This allows the quantification of intersession variability. Within each session (Fig. 1b) , the subject first underwent three TRUST scans, which allows the quantification of intrasession variability. Then, the subject was pulled out of the scanner for placement of nose clip and mouthpiece, and entered the scanner again. The subject breathed through the mouthpiece for the remainder of the session. One TRUST scan was acquired while the subject breathed room air to provide a normoxic measure of Y v . Then the inhaled air was switched to hyperoxic gas and 3 min were waited to allow the brain's physiology (34) to reach a new steady state, before another TRUST scan was performed to obtain a hyperoxic measure of Y v (Fig. 1b) . The procedures for hyperoxia challenge are described in the Supporting Information. This allows the comparison of the sensitivity of the TRUST technique to blood oxygenation change across scanners.
TRUST imaging parameters on both scanners are described in the Supporting Information, which are available online. All relevant parameters were matched except for echo time (TE), which was 4 ms on Philips with a bandwidth of 4.5 kHz/pixel and 7 ms on Siemens with a bandwidth of 3.3kHz/pixel. This difference was attributed to the additional navigators present in the Siemens echo-planar imaging (EPI) module. The discrepancy in TE is not expected to affect the accuracy of the T 2 estimation, but may have an impact on the precision. Therefore, as a supplemental study, we modified the Siemens EPI module to reduce the TE to 4 ms and then recruited six new subjects (28.3 6 6.0 years old; two females, four males), in whom we performed three TRUST scans on Philips and another three on Siemens.
Data Processing
The TRUST MRI data were processed with in-house MATLAB (Mathworks, Natick, MA) scripts, following the procedures described previously (as detailed in the FIG. 1. Illustration of the experimental design. a: Each subject was scanned twice on scanner 1 with a short break and repositioning between two identical sessions, then the subject was escorted to scanner 2 to repeat the same procedure. (b) Each session began with three TRUST scans while the subject breathed room air without mouth piece. Then the subject was pulled out of the scanner for placement of nose clip and mouthpiece, and entered the scanner again. One TRUST scan was acquired while the subject breathed room air through mouthpiece; then the inhaled air was switched to hyperoxic gas, and one TRUST scan was acquired after the subject's physiology reached a new steady state.
Supporting Information) (19, 26) . Y v and confidence interval of the estimated Y v (e Yv ) were obtained from each dataset.
Y v differences measured between vendors can be attributed to both pulse sequence differences and physiological fluctuations. To focus our attention on the contribution from pulse sequence differences, we minimized the influence of physiological fluctuations by performing a correction of the measured Y v using a within-subject relationship between Y v and end-tidal CO 2 (EtCO 2 ):
where Y v j corrected and Y v j uncorrected are Y v measured on either Philips or Siemens scanner before and after correction, respectively; EtCO 2 is the EtCO 2 recorded simultaneously with the corresponding TRUST scans; EtCO 2 is the EtCO 2 averaged between Philips and Siemens scanners. The coefficient a denotes the dependence of venous oxygenation on EtCO 2 . Previous studies have reported that value of a is between 1 and 2%/mmHg (35, 36) . In this study, because we measured Y v and EtCO 2 twice on each scanner, we were able to calculate the value of a from the ratio between Y v and EtCO 2 differences, which was found to be 1.6%/mmHg. For comparison, we also showed data using uncorrected Y v in the supporting figures and tables.
Statistical Analysis
A paired Student's t-test was used to compare the measured Y v and e Yv between the scanners, separately under room-air (i.e., normoxia) and hyperoxia conditions. Correspondence between Y v measured on the Philips scanner and that on the Siemens scanner was evaluated with Pearson correlation. Bland-Altman plot was used to assess the dependence of the interscanner difference on Y v value. In addition, to assess the sensitivity of TRUST in detecting Y v changes under physiological challenges, Y v differences (DY v Þ between hyperoxia and normoxia conditions (both through mouthpiece) were calculated and compared between scanners. Because we performed multiple sessions on each scanner and multiple scans during each session, we calculated intrasession and intersession coefficient of variation (CoV) for data from each scanner. Intrasession and intersession
CoVs were compared between the scanners using a paired t-test. A P value of less than 0.05 was considered statistically significant.
We also calculated interscanner CoV by pairing runs between scanners. Figure 2 shows TRUST MRI data from a representative subject, including both Philips and Siemens results under normoxic state. The subtraction of control and labeled images revealed a strong venous signal, the intensity of which decays with effective TE (eTE). The plots on the far right display quantitative signal values in the sagittal sinus as a function of eTE. Representative data of the same subject under hyperoxic state are shown in Supporting Figure S1 . Table 1 (19, 26, 34) . Figure 3a shows a comparison of Y v values measured on Philips and Siemens scanners, to examine whether Y v obtained from these two scanners manifests a systematic difference. There was not a significant difference between Philips and Siemens measurements under either normoxic or hyperoxic state, suggesting that both measures have comparable accuracy. Figure 3b shows a scatter plot of Y v obtained from the two scanners across subjects, with normoxic data shown in red and hyperoxic data in blue. It can be seen that there was a strong correlation between these measures under each physiologic state as well as when studied together (P < 0.001 for all correlation coefficients). Figure 3c Table S1 .
RESULTS
We also evaluated intrasession, intersession, and interscanner CoV of Y v on the Philips and Siemens scanners. The measured intrasession CoV of 1.35 6 0.28% on Philips and 2.19 6 0.30% on Siemens are in good agreement with a previous single-scanner study that reported a CoV of 1.88% (37) . The intersession CoV of 1.69 6 0.27% on Philips and 2.76 6 0.44% on Siemens observed in the present study are smaller than that reported in the previous study, which reported a value of 5.1% (37) . This is likely because the sessions in Liu et al (37) were performed on different days whereas those in the present study were done on the same day. Intrasession and intersession CoV on the Siemens scanner were slightly higher than the respective values on the Philips, although the differences were not statistically significant. The interscanner CoV was found to be 2.57 6 0.28%. Results of uncorrected data are shown in Supporting Table S1 .
e Yv , which is an index of the estimation uncertainty in the monoexponential fitting, is summarized in Table 1 . It was found that, for both normoxic and hyperoxic conditions, TRUST data from the Siemens scanner had a significantly higher e Yv than that on the Philips (P < 0.01). We attributed this difference to the longer TE used on the Siemens scanner (7 ms), compared with that on the Philips (4 ms).
To further elucidate the reason for the difference in e Yv , and to some extent CoV, across scanners, we conducted a supplemental study (N ¼ 6) after further matching the TE on Siemens to that on Philips (i.e., TE ¼ 4 ms on both scanners). e Yv from Philips and Siemens scanners were found to be 0.42 6 0.05% and 0.40 6 0.03%, respectively. Intrasession CoV was 1.63 6 0.32% and 1.43 6 0.34% for Philips and Siemens scanners, respectively. No difference in e Yv or intrasession CoV were found between scanners. These findings support the notion that shorter TE helps improve the precision of TRUST Y v measurement.
DISCUSSION
The present work performed a harmonization of TRUST MRI across two major vendors, in an effort to facilitate potential dissemination and provide benchmarks for future multi-site studies. To our knowledge, this is the first report of cross-vendor studies of MRI-based oximetry. Through matching of pulse sequence details across platforms, we showed that Y v measured on Philips and Siemens MRI systems can provide highly compatible results, with strong correlation across scanners. We further showed that Y v measured on both systems can reliably detect oxygenation changes associated with physiological challenges. Assessment of test-retest reproducibility revealed that the CoV values were less than 3% regardless of the measurement conditions (Philips or Siemens scanners, normoxic or hyperoxic physiological states, intrasession, intersession, or interscanner comparisons).
Brain oximetry provides a basis for the measurement of brain oxygenation consumption and energy metabolism, and offers a potential window into noninvasive assessment of brain function and dysfunction. Compared with the conventional blood-oxygenation-level-dependent functional techniques, oximetry and metabolism techniques are more quantitative and are directly related to brain physiology, and thus have gained increasing attention in recent literature. Indeed, novel MRI oximetry and metabolism techniques have found clinical utility in a large number of diseases, including Alzheimer's disease (6), multiple sclerosis (5), moyamoya (28) , sickle cell disease (28, 29) , hepatic encephalopathy (30), end-stage renal disease (32), and cognitive aging (2) . However, as some of these promising applications are expanded into further testing of their value as a clinically useful biomarker, multisite/multivendor studies or trials represent a critical step in this path. Our previous work has demonstrated the reliability of brain oximetry across different sites on a single vendor (38) . The present work suggests that across multiple vendors the technique also has an excellent reproducibility.
This work demonstrated that the intersession CoV of Y v measurement is 2.2% on average. This CoV range is larger than some of the anatomical MRI measurements such as brain volumetry which has a CoV of less than 1% for whole brain, gray and white matter (39) , and is also higher than that in diffusion tensor imaging (DTI) measurements such as whole-brain fractional anisotropy, which has a CoV of approximately 1% (40) (41) (42) . However, it should be noted that the intersession CoV of TRUST is considerably lower than other common physiological MRI measurements such as arterial spin labeling (ASL), which has a CoV of approximately 10% (43) (44) (45) . The interscanner CoV of TRUST is approximately 2.6%, and is better than that of brain volumetry which was found to be around 4% for whole brain measures (39) . This level of interscanner CoV of TRUST is comparable to that of DTI measurements (42) , but is drastically lower than that of ASL ($15%) (43) or functional MRI ($20%) (46) .
The confidence interval estimate, e Yv , in our data fitting provides an assessment of the reliability of the data. e Yv was found to be less than 1% on both scanners. This level of high fitting confidence allowed us to reliably detect oxygenation changes induced by hyperoxia challenge on an individual level, i.e., a Y v increase was detected in all subjects. A confidence interval of <1% is also remarkably less than disease-related changes of approximately 9% in stroke (47) , 7% in moyamoya (28), 6-11% in sickle cell (28, 29) , 5% in mountain disease (31) , 6% in multiple sclerosis (5), 6% in Alzheimer (6), 10% in hepatic encephalopathy (30) , and 11% in endstage renal disease (32) . Therefore, this level of precision may allow sensitive detection of disease-related abnormalities on an individual level, a step beyond the traditional group-level analysis.
Harmonization of MRI protocols across vendors is a topic of interest in virtually all MRI techniques. Due to the differences in hardware specifications and software programming environments across scanners, it is not possible to match every component between two sequences. In our experience, the most important components for TRUST MRI are the pulse type, width, and power of the T 2 -preparation RF pulses. In this study, T 2 -preparation on both scanners used composite block pulses with each 90 element having a power of 13 mT and a width of 0.44 ms. This level of B 1 power is expected to be feasible on most clinical 3T systems. Should a researcher use a pulse of different width, a correction on the measured T 2 is recommended before using the calibration plot to estimate Y v , as a longer T 2 -preparation pulse is known to yield longer T 2 estimation (25, 48) .
The shape and power of the labeling pulses are also of some significance, as they determine whether the blood is effectively labeled. Poorly matched labeling RF pulses could result in a difference in contrast-to-noise ratio of the TRUST signal. Additionally, as shown in the present study, the acquisition module is relevant and the TE of the EPI echo train should be kept minimal, e.g., 4 ms, by using high parallel imaging factors as well as aggressive partial Fourier factor. Other components such as the RF shape of the postsaturation pulses and the zerothmoment of the dephasing gradients are less critical in our experience.
The present study has primarily focused on harmonizing pulse sequences for T 2 measurement, but has not considered the calibration model that is used to convert T 2 to oxygenation (27) , which is also an important topic in T 2 -based MR oximetry. The calibration model is mainly affected by hematocrit and cell morphometric factors such as size, shape, and aggregation pattern. In particular, when applying the method to patients with abnormally low hematocrit, e.g., anemic patients, or atypical red blood cells, e.g., sickle cell patients or neonatal patients, caution is needed to select the most appropriate calibration model, which is an active area of research (49) (50) (51) .
There are a few limitations in this study. First, due to a lack of other vendors' MRI scanners (such as General Electric, Toshiba, etc.) in the authors' institution, only Philips and Siemens scanners were included in the present study. For better scalability of the technique, our future efforts will be directed toward the implementation of a matched TRUST sequence on other MRI vendors. Second, to separate the effect of scanner differences from physiological fluctuations, we used a method to correct the EtCO 2 effect on Y v . This may complicate the data interpretation. Therefore, we have also shown uncorrected Y v results in the supporting figures and tables.
CONCLUSIONS
The present work evaluated the measurement of venous oxygenation using TRUST MRI across two major vendors. The results demonstrated that the estimated Y v values were compatible across scanners, with excellent test-retest reproducibility for intrasession, intersession, and interscanner comparisons. The sequence was able to detect hyperoxia-induced Y v changes on each subject for both scanners. These findings suggest that TRUST MRI has the potential to be used as a noninvasive imaging biomarker in brain diseases.
SUPPORTING INFORMATION
Additional Supporting Information may be found in the online version of this article. Table S1 . Summary of DY v , intra-session, inter-session and inter-scanner CoVs, without EtCO 2 correction. Table S2 . Summary of EtCO 2 and EtO 2 from all participants (Mean 6 SE; N 5 10). There was no difference in EtCO 2 or EtO 2 between scanners or sessions (P > 0.05). Hyperoxia increased EtO 2 (P < 0.001) as expected, while maintaining the EtCO 2 values (P 5 0.68). The absence of EtCO 2 change was attributed to the addition of 2.5% CO 2 into the hyperoxic gas mixture to offset the hyperventilation effect.
